Background: The current dietary iron requirement (80 mg/kg) of broilers is mainly based on growth, hemoglobin
Introduction
Iron is an essential trace element, and it plays an important role in many biological processes in humans and animals. The need for iron in nutrition has been well established; therefore, iron is commonly supplemented in the diet to prevent clinical deficiencies and to ensure that animals reach their optimal growth. However, iron requirements (80 mg/kg) for broiler chicks as recommended by the NRC (1) have been based on the limited information of a few early studies (2) (3) (4) . Moreover, the main criteria used in assessing the iron requirements of broiler chicks have been growth, hemoglobin concentration, or hematocrit, which might be not the most sensitive indexes to reflect the metabolic and molecular basis for the requirements of iron in broiler chicks. Therefore, it is necessary to look for more sensitive criteria to evaluate iron requirements and meet the metabolic needs of broiler chicks for iron.
It seems that most of the physiologic consequences of iron deficiency are attributed to anemia, which can be identified by hemoglobin concentration or hematocrit. However, it is difficult to characterize other manifestations that are not related to anemia but that may be attributed to compromised metabolic functions in which iron serves either as a cofactor or as an integral part of a protein or enzyme molecule (5) . The iron molecule may participate in these reactions as nonheme iron [e.g., succinate dehydrogenase (SDH) 8 and catalase] or as heme iron [e.g., cytochrome c oxidase (COX)] (6). These enzymatic reactions of SDH and COX are intimately associated with energy generation by the mitochondria; furthermore, it was suggested that even mild iron deficiency might impair cytochrome-dependent mitochondria function (7) . Catalase activity is considered to be the primary antioxidant enzyme because it is involved in the direct elimination of reactive oxygen species (ROS) (8) . It has been reported that the activity of the above 3 kinds of iron-containing enzymes in rats and pigs could be affected by dietary iron concentrations (9, 10) . However, it remains unclear whether the activity and gene expression of iron-containing enzymes could be used to evaluate the dietary iron requirements of broiler chicks. Therefore, the objective of this study was to investigate the responses of broilers to dietary iron concentrations in terms of growth performance, blood markers, and iron concentrations, as well as activity and mRNA levels of iron-containing enzymes in various tissues, in order to find sensitive indexes and estimate iron requirements to support the full expression of the activity and mRNA levels of iron-containing enzymes in broilers.
Methods
Birds and diets. All experimental procedures were approved by the Animal Research Center at the Veterinarian Office of Beijing. A total of 336 1-d-old Arbor Acres male broiler chicks (Huadu Broiler Breeding Corporation) were housed in an electrically heated, thermostatically controlled room with fiberglass feeders and stainless-steel cages coated with plastic, and maintained on a 24-h constant light schedule for 21 d. Feed and tap water were available ad libitum, and the tap water contained no detectable iron. The birds were randomly allotted at 1 d of age by body weight to 1 of 7 treatments with 6 replicate cages of 8 chicks/cage in a completely randomized design. The basal corn and soybean-meal diet was formulated to meet or exceed the current NRC requirements for broilers (1) , except for iron, on an as-fed basis (Supplemental Table 1 ). Dietary treatments included the basal diet supplemented with 0 mg Fe/kg (control), and 20, 40, 60, 80, 100, or 120 mg Fe/kg in the form of FeSO 4 Á 7H 2 O. The dietary iron concentrations for the 7 treatments by analysis on an as-fed basis were 67, 86, 103, 125, 141, 162, and 177 mg/kg, respectively.
Sample collection and preparation. The chicks were weighed and feed intake was recorded per cage at the end of every week. At 21 d of age, birds were individually weighed after fasting for 8 h, and 3 birds from each cage were selected on the basis of the mean body weight of the birds within the cage. Blood samples were collected by heart puncture with heparinized syringes equipped with stainless-steel needles. One part of the blood sample was stored at 4°C for analysis of hemoglobin concentration and hematocrit, and the other was frozen (220°C) for plasma iron (PI) and total iron-binding capacity (TIBC) analysis. Then the selected birds in each cage were killed by cervical dislocation, and liver, heart, and kidney samples were collected. A subsample was frozen (220°C) for analysis of iron concentrations and SDH, COX, and catalase activity, and another subsample was frozen in liquid nitrogen for determination of Sdh, Cox, and catalase mRNA levels. The right femur marrow samples were collected immediately and frozen in liquid nitrogen for analysis of hemoglobin mRNA levels. The pancreas, spleen, and breast muscle were also collected and frozen (220°C) for iron concentration determinations. The left tibia was excised and frozen (220°C) in an individual heat-sealed polyethylene bag for iron concentration analysis. Tibia were boiled for ;10 min in deionized water and all soft tissue was removed; then, the bones were dried for 12 h at 105°C and finally burned to ash in a muffle furnace at 550°C until the bone ash became white. The samples of 3 individual broilers from each cage were pooled into 1 sample before analysis, and thus 6 replicate samples were obtained for each treatment.
Iron concentration. Iron concentrations in the diets, water, and tissues were determined by inductively coupled plasma emission spectroscope (Thermal Jarrell Ash) after wet digestion with HNO 3 and HCIO 4 as described by Huang et al. (11) . Validation of the mineral analysis was conducted with the use of bovine liver powder [GBW (E) 080193; National Institute of Standards and Technology] as a standard reference material. The lowest limit of detection of iron is 0.05 mg/kg.
Blood markers. PI (12) and TIBC (13) were measured by the colorimetric method, and then transferrin saturation (TS) was calculated by (PI/TIBC) 3 100 (12).
Enzyme activity. The tissues were homogenized with ice-cold physiologic saline to obtain the homogenates for analysis of enzyme activity. SDH activity was determined by the colorimetric method (14) . COX activity was measured spectrophotometrically at 550 nm by using a reagent kit (Genmed Scientifics) (15) . Catalase activity was measured according to the spectrophotometric method (16) . mRNA levels. Total RNA was extracted from the liver and heart, as well as femur marrow hemoglobin, with the use of Trizol Reagent (Invitrogen) according to the manufacturerÕs instructions. Concentrations of total RNA and purity were spectrophotometrically determined with the use of a NanoDrop ND-1000 spectrofluorometer (NanoDrop Technologies), and the quality of total RNA was determined in agarose gels stained with ethidium bromide. One microgram of total RNA was subjected to reverse transcription by using the SuperScript First-Strand Synthesis System (Invitrogen). According to the sequences of the genes published in GenBank, the primer sequences (Supplemental Table 2 ) for Sdh, Cox, catalase, hemoglobin, and b-actin were used for amplification reactions, respectively. Real-time PCR reactions were performed on an ABI 7500 realtime PCR system with the use of SYBR-Green PCR Master Mix (Applied Biosystems). The PCR reactions were performed for 10 min at 95°C, 40 cycles of 94°C for 15 s, and 60°C for 1 min. Each gene was amplified independently in triplicate within a single instrument run. The relative mRNA expression level of the target gene was calculated with the use of the 2 2DDCt method reported by Livak and Schmittgen (17) , and values were normalized by b-actin as an internal control.
Statistical analyses.
Data from the present study were subjected to 1-factor ANOVA with the use of the general linear model procedure from SAS, version 9.2. The experimental unit was cage. Orthogonal comparisons were applied for linear and quadratic responses of dependent variables to independent variables. Regression analyses of broken-line, quadratic, and asymptotic models were performed, and the best fit model between responsive criteria and iron concentrations was used to determine optimal dietary iron concentrations (the maximum responses from quadratic models or the break points from broken-line models) for broiler chicks (18) (19) (20) . P < 0.05 was considered to be statistically significant.
Results
Growth performance. Supplemental iron concentration did not affect (P > 0.15) feed intake and feed efficiency, but affected (P < 0.003) weight gain ( Table 1) . Weight gain increased quadratically (P < 0.0001) as dietary iron concentration increased, and reached a plateau at a supplementation of 40-60 mg Fe/kg.
Blood variables. Dietary iron concentration did not affect (P > 0.23) TIBC, hemoglobin concentration, and hematocrit, but affected (P < 0.0001) PI and TS ( Table 2) . PI and TS increased linearly (P < 0.0001) as dietary iron concentration increased.
The quadratic responses for PI and TS were not significant (P > 0.13), so neither of them was suitable for assaying iron requirement.
Iron concentrations. Iron concentrations in the pancreas and breast muscle were not affected (P > 0.85) by dietary iron concentration (Table 3) . However, iron concentrations in the liver, kidney, heart, spleen, and tibia bone ash were affected (P < 0.014) by supplemental iron concentration, which increased linearly (P < 0.012) as dietary iron concentration increased, except for spleen iron (P = 0.14). Quadratic responses were significant (P < 0.003) for iron concentrations in the liver and tibia bone ash, but not significant (P > 0.09) for iron concentrations in the heart, kidney, and spleen.
Enzyme activity. Supplemental iron concentration did not affect (P > 0.08) catalase and COX activity in the heart and SDH and catalase activity in the kidney; however, supplementation did affect (P < 0.007) SDH, catalase, and COX activity in the liver and SDH activity in the heart (Table 4) . SDH, catalase, and COX activity in the liver and SDH activity in the heart increased quadratically (P < 0.002) as dietary iron concentration increased, and reached a plateau at a supplementation of ;40-60 mg Fe/kg. mRNA levels. Supplemental iron concentration did not affect (P > 0.06) liver catalase, heart Sdh, and femur marrow hemoglobin mRNA levels, but affected (P < 0.027) liver Sdh and Cox and heart Cox mRNA levels ( Table 5) . Liver Sdh and Cox and heart Cox mRNA levels increased quadratically (P < 0.004) as dietary iron concentration increased. Sdh and Cox mRNA levels in the liver reached the highest points at a supplementation of 60 mg Fe/kg.
Dietary iron requirements.
Results of the dietary iron requirements of broilers as estimated by nonlinear regression analyses are presented in Figures 1-3 . On the basis of fitted quadraticcurve or broken-line models (P < 0.005) of weight gain; iron concentrations in the liver and tibia bone ash; SDH, COX, and catalase activity in the liver; SDH activity in the heart; Sdh and Cox mRNA levels in the liver; and Cox mRNA levels in the heart, optimal dietary iron concentrations were estimated to be 97-136 mg/kg for broiler chicks fed a corn and soybean-meal diet from 1 to 21 d of age.
Discussion
It is critically important to find sensitive indexes to evaluate iron requirements and meet the metabolic needs of broiler chicks for iron, which will be always affected by the recommended nutrient intake (21) . The present study demonstrates that the activity of SDH, COX, and catalase in the liver and SDH in the heart, as well as mRNA levels of Sdh and Cox in the liver and Cox in the heart are, to our knowledge, new and more sensitive criteria for estimating the iron requirements of broilers fed a corn and soybean-meal diet than growth, hemoglobin concentration, or hematocrit.
Growth performance and blood markers were the early and commonly used criteria for the evaluation of iron requirements for broiler chicks fed semipurified or purified diets, and the iron requirements for broilers were defined as 40-85 mg/kg (2-4, 22-24). Nevertheless, semipurified or purified diets are much less palatable than a corn and soybean-meal diet, which can allow the broilers to have normal feed intake to obtain optimal growth potential. Davis et al. (3) reported that the iron requirement for chicks fed a soybean protein-casein-gelatin diet was 79 mg/kg based on body weight gain. In addition, Vahl and Tklooster (25) reported that the maximal growth of broilers fed a maize and soybean meal diet was observed at 127 mg Fe/kg. In our current study, the optimum weight gain of broilers fed the conventional diet was achieved when the diet contained 118 mg Fe/kg, which is similar to the result of Vahl and Tklooster (25) , suggesting that the use of semipurified or purified diets might underestimate the dietary iron requirements of broilers compared with the use of conventional corn and soybean-meal diets based on growth performance. However, growth performance is always influenced by type of diet and other factors, and thus it is usually not a sensitive index for assessing iron requirements for broilers.
Traditionally, hematologic variables were used to assess iron status for chicks; however, these variables could be affected by many factors. Hematologic variables during fattening depend not only on dietary iron concentrations, but also on initial blood hemoglobin concentrations and iron stores in the liver, spleen, and bone marrow (26, 27) . Waddell and Sell (24) demonstrated that the maximum hemoglobin concentration of 21-d-old broilers fed a semipurified diet was achieved at a dietary concentration of (28, 29) from our laboratory demonstrated that broilers fed a purified diet had a very low feed intake and body weight gain. Thus, the purified diet and blood hemoglobin concentration method significantly underestimated the relative bioavailability of organic iron for broilers, and thus might also underestimate dietary iron requirements of broilers. In the present study, hemoglobin concentration and hematocrit were not affected by supplemental iron concentrations, possibly because of the higher iron concentration (67 mg/kg) in the conventional corn and soybean-meal basal diet and the shorter experimental duration (21 d) . This higher iron concentration was much greater than those in the semipurified or purified diets used in the previous studies. It is possible that the amount of iron in the basal diet was enough to regulate the balance of hemoglobin concentration and hematocrit in the blood, suggesting that blood hemoglobin concentration or hematocrit might not be a sensitive index for reflecting iron status of broilers fed a conventional corn and soybean-meal diet. The above 2 indexes are traditional evaluating criteria, but should not be the sole criteria, and activity or gene expression of iron-containing enzymes might be another type of new and more sensitive biomarker for assessing iron nutritional status of animals, because, as with all other essential trace elements, iron is a component or cofactor of numerous ironcontaining enzymes, and it functions in the body mainly through iron-containing enzymes. Therefore, it is necessary to find more sensitive novel biomarkers to assess the iron status of broilers fed the conventional corn and soybean-meal practical diet. PI accurately reflects transferrin iron, and TIBC represents the true iron-binding capacity of transferrin (13) . In the present study, TIBC was not affected by dietary iron concentration, which was in agreement with the results reported by Southern and Barker (2), who used the semipurified diet (containing 5 mg Fe/kg) supplemented with 0 or 500 mg Fe/kg. However, it conflicted with the results of Rincker et al. (30) , who found that the TIBC of pigs increased linearly as the added iron concentration increased. These inconsistent results might be due to different types of animals or basal diets, or the amount of time on the deficient diets and prior diet, but the exact reasons are unknown. In the present study, PI and TS increased linearly, suggesting that the absorption of iron in broilers might increase as dietary iron concentration increases. This might indicate the adequacy of iron supply, but not excessiveness, because the TS values in most groups were not >60% (31) . Therefore, our study indicated that PI and TS were not suitable for estimating iron requirements of broilers, but they could be used to study the bioavailability of different iron sources for broilers. Early studies proved that the liver was the reliable site for storing iron (32) . Numerous studies indicated that iron concentration in the animal liver increases as dietary iron concentration increases. Cao et al. (33) reported that iron concentration in tibia ash of broilers increases as dietary iron concentration increases. In the present study, we also found that iron concentrations in the liver and tibia ash increased as dietary iron concentration increased, which is consistent with the early studies. The above and our present studies indicate that the iron content in the basal diet was marginal for chicks. Although, to our knowledge, very few studies involving iron requirements have been based on iron accumulation in these tissues, in the present study, iron content in both the liver and tibia ash reached a plateau at different supplemental iron concentrations. Therefore, both of them are suitable for assessing iron requirements for chicks.
As described above, the activity and gene expression of ironcontaining enzymes could also reflect iron status in the body, except for the traditional indexes (such as growth performance, blood markers, and tissue iron content). Iron is required for the functions of numerous iron-containing enzymes, such as SDH, COX, and catalase. SDH is the critical component of the tricarboxylic acid cycle and respiratory chain, where ATP is generated. Catalase is considered to be the primary antioxidant enzyme because it is involved in the direct elimination of ROS (8) . COX plays a central role in the oxidative production of cellular energy within mitochondria. Koziol et al. (34) found that skeletal muscle cytochrome oxidase activity was not decreased by moderate anemia, but was reduced in severe anemia. Siimes et al. (7) reported that even the mildest degree of iron-deficiency anemia was also accompanied by depletion of cytochrome c. The results from our study demonstrated that COX activity in the liver increased as supplemental iron concentration increased from 0 to 60 mg/kg. De Deungria et al. (9) reported similarly that COX activity in the brain of rats fed a diet containing 156 mg Fe/kg increased compared with control (which contained 6 mg Fe/kg). Feng et al. (10) demonstrated that SDH and catalase activity in the liver of pigs both first increased, and then decreased when the added iron concentrations increased from 0 to 120 mg/kg in the corn and soybean basal diet, which is consistent with our results. The added iron in diets increased the absorbed iron in the gut, and then improved SDH activity in the liver and heart, so as to generate enough ATP to meet metabolic needs. At the same time, however, ROS were also produced, which could be scavenged by catalase. The present study indicated that catalase activity increased when the added iron increased, which agreed with the study in rats (35) . SDH, COX, and catalase activity in the liver and SDH activity in the heart were well fitted to broken-line models, indicating that, to our knowledge, they are new and sensitive criteria for assessing the iron requirements of broilers.
The expression of functional enzyme or protein mRNA was used for estimating the trace element requirements of broilers and rats in previous studies (11, 36) . The present study showed that liver Sdh and Cox mRNA levels and heart Cox mRNA levels are, to our knowledge, new and sensitive criteria for assessing the iron requirements of broilers. To our knowledge, this has been not reported before. In addition, these enzyme jn.nutrition.org mRNA levels were in accordance with their activity, suggesting that their transcriptional and translation levels could be consistent when regulated by dietary iron concentration.
In conclusion, the results from the present study indicate that the expression of liver SDH, COX, and catalase and heart SDH activity, as well as liver Sdh and Cox and heart Cox mRNA levels, are, to our knowledge, new and sensitive criteria to evaluate the dietary iron requirements of broilers. Optimal dietary iron concentrations estimated based on fitted broken-line or quadratic-curve models of the above iron-containing enzymes are 97-136 mg/kg to support their full expression in various tissues of broilers fed the corn and soybean-meal diet from 1 to 21 d of age, which are higher than the current NRC requirement (80 mg/kg). Acknowledgments X Luo designed the research and had primary responsibility for the final content; XM, X Liao, LL, SL, and LZ conducted the research; XM, X Liao, and LZ analyzed data; and XM, X Liao, and X Luo wrote the paper. All authors read and approved the final manuscript. 
